In an earlier work [3] reported by our group, a version of Newton's rings experiment called Modified Newton's rings was proposed. The present work is an extension of this work. Here, a general formula for wavelength has been derived, applicable for a plane of observation at any distance. A relation between the focal length and the radius curvature is also derived for a planoconvex lens which is essentially used as a concave mirror. Tracker, a video analysis software, freely downloadable from the net, is employed to analyze the fringes captured using a CCD camera. Two beams which give rise to interference fringes in conventional Newton's rings and in the present setup are clearly distinguished.
Introduction
Recently, a novel method has been proposed and setup in our undergraduate laboratory to determine the wavelength of laser light using modified Newton's rings. These rings are similar, yet distinctly different from conventional Newton's rings. For instance, these fringes are essentially Fizeau [1] fringes like Newton's rings, but the order is maximum for central disc unlike that in Newton's rings [1, 2] . Detailed comparison of these two is provided in the reference [3] , along with its principle, experimental details, coherence requirements etc. In fact, this experiment can easily be adopted in the undergraduate laboratory due to its simplicity. In the literature [4] , there is an elegant article on classroom demonstration of Newton's rings where the authors derive the formula for wavelength for the case when the convex surface of the lens is illuminated from a point source.
Principle
The schematic diagram of the experimental setup is shown in the figure 1. Laser beam, expanded using a microscope objective, is collimated using a lens. The collimated beam is incident on the plano-convex lens after passing through a beam splitter BS, inclined to the beam at an angle of 45
o . There are two reflected beams. One is from the plane surface: it retraces the path upto the BS, gets reflected again at the BS which remains parallel and the second is from the curved surface of plano-convex lens which is a converging beam. These two beams, on superposition, give rise to interference fringes similar in appearance to Newton's rings. These fringes are directed by the beam splitter to the observation plane placed in a perpendicular direction, convenient for measurements.
Fringe diameters at the unit magnification plane (UMP) can be measured using a travelling microscope. A unit magnification plane is one in which the ring diameters are identical to those at the plano-convex lens. Placing the observation screen at the UMP is critical to the experiment since the fringes are not localized and thus fringes are formed wherever the two beams overlap. The UMP can be located as follows. As shown in figure 1 , the reflected beams from the plane and curved surfaces of the lens, can be easily distinguished. When an observation plane is placed at an arbitrary distance, one can see a spot of light on circular beam of constant diameter. The rays from the plane surface, remain collimated unlike the ones from the curved surface which focus at a distance f o , from the lens. The UMP lies exactly at a distance f o , from the focal point of the beam reflected from the curved surface, that is, at a distance 2f o , from the plano-convex lens, PL along the path of the beam. In the figure 1, a+b is approximated to be equal to f o , neglecting the thickness of the lens compared to its focal length.
The formula [3] that is used in this method when the measurements are made in the UMP, is
given by
where R is radius of curvature of plano-convex lens, n is the refractive index of the lens, r m+p and r m are the radii of the rings of respective orders. Interference fringes in the form of rings, have their order maximum for the central disc and it reduces as we move to the periphery. This is exactly opposite to that in Newton's rings. Using a travelling microscope, the radii r m of various rings can be measured. Plot of m versus 2 gives a linear graph whose slope is given by
. The radius of curvature of the plano-convex lens is generally measured using a spherometer. Thus the wavelength can be determined by knowing the refractive index of plano-convex lens which is 1.5 for glass.
Derivation of Relation between R and f o :
In this experiment, the determination of R is simplified since we are already able to measure f o to locate the unit magnification plane as explained earlier. Therefore, if we know the relation between R and f o , the analysis is simplified, it also improves the accuracy of measurement as well.
As can be seen from the schematic diagram in figure 2, in this particular setup the plano-convex lens is not used as a lens but rather as a concave mirror. Hence, we need a formula that relates the focal length, f 0 of the concave mirror and radius of curvature of the lens, R.
As it will be shown below, the formula turns out to be 
Therefore,
Eqn (3) becomes
Again from the two triangles, FOA and F o OA,
Using small angle approximation and eqns. 2, 3, 4, 5, we obtain
But for an ordinary concave mirror without any refraction after the reflection, we know that
Now in the present situation, the reflected beam undergoes refraction and hence the relation is modified by expressing f in terms of f o :
This is a very useful relation [5] in this experiment since f o is directly measured in this setup. Therefore the radius of curvature of plano-convex lens which is generally measured using a spherometer, can now be determined using eqn.(9).
Derivation of general formula
In the conventional Newton's rings, the two beams which give rise to interference fringes are derived from a single beam as shown in the figure (3a). Whereas in the modified Newton's rings the two rays which form the rings originate from two sides of the optical axis passing through the center of the lens as shown in figure (3b). Denoting the path lengths travelled by the two rays as P 1 and P 2 where P 1 is approximated to be A→B→E→B→C and P 2 is C→D→C, the path lengths travelled by the two reflected rays in figure 4 are given by Observation plane, t -maximum thickness of lens, b -off-axis distance ray 1 incident along AB, GC -radius of a ring of m th order.
where n is refractive index and t, the maximum thickness of the lens at the centre.
For the ray is incident at the center of the lens along the optical axis, the off-axis distance distance, b=0 and GC= r m = 0 = a. Hence we get
For dark fringes, the path difference should be a multiple of 2 . Hence,
N, being the maximum order of the central fringe. Therefore
In general, rays are incident not only along the optical axis, but also at various off-axis distances, forming a plane wavefront. Therefore, for a ray incident at an off-axis distance 'b' from the optical axis, destructive interference is observed when
where M is the order of the dark ring at a distance b from the centre.
Using the approximation, 1 + ≈ 1 + 2 for y≪ 1, equation (13) reduces to
where m = − . With this definition, when M=N, m=0 for the central fringe and increases for outer rings. Thus the ordering of rings becomes identical to conventional Newton's rings. 
Neglecting a 2 which is very small, we get the relation a = This expression gives the relation for the radius of m th order ring. Therefore, the radius of (m+p) th ring is obtained by replacing m by m+p.
Therefore, subtracting these two expressions in equations (18) and (19), then we obtain the formula for the wavelength, given by
This formula reduces to the original expression when the magnification factor, F = 1 for unit magnification plane(UMP). In fact, this formula can be employed in this experiment irrespective of where the measurements are made. The magnification factor, F is determined by knowing x, the distance of observation plane from the lens and f o using eqn.(17).
Tracker Software:
Another innovation that we have introduced in modified Newton's rings, is the use of CCD camera to capture the fringes instead of making measurements using a travelling microscope. Then the fringes are analysed using 'tracker' software. Tracker[6] is a video analysis software package built on the Open Source Physics (OSP) Java framework. Features of this software include object tracking with position, velocity and acceleration overlays and graphs, special effect filters, multiple reference frames, calibration points, line profiles for analysis of spectra and interference patterns, and dynamic particle models. It is designed to be used in introductory college physics labs and lectures.
Tracker is freely downloadable from the net and can be employed for experiments by anyone in the academic community. Usage of this software involves capturing the video of interest with a webcam or CCD detector, which can be later analyzed frame by frame. It has a host of features which makes scientific analysis very easy. The two important features of interest are the Point Mass Analysis and Line Profile.
The Point Mass Analysis is a technique which is generally employed in the study of experiments in Mechanics and Optics which involve tedious measurements. This feature requires tracking of points. By tracking we mean selecting the points of interest in the video frame by pressing the shift and enter keys simultaneously. As we identify points for tracking, various real-time graphs are generated which may be of interest to us.
The Line Profile is another useful feature which shows us in a graph the variation of intensity along a line. In the case of modified Newton's Rings, we generated the intensity variation with respect to distance shown in figure 6, using this line profile feature. Using the data table or graph of intensity versus distance, the diameters of various rings were easily determined. This Line profile, when performed along different diameters of the rings is equivalent to taking multiple readings which can lead to improved accuracy in the measurement.
The calibration is done using a standard wire of known length or diameter. To employ this in the measurement, a video of this wire is taken and its tape measure is assigned the known standard value. The tape is then copied to the video frames which we need to analyze.
Experimental observations and Results:
While deriving the formula we have claimed that the process of fringe formation or the two rays which form the interference fringes in the conventional Newton's rings and Modified Newton's rings setup are entirely different. This is clearly shown in the figure (3a) and figure (3b) . This can be easily verified while performing the experiment as follows. Once the rings are formed after making the necessary adjustments such as careful collimation, placing the CCD camera at the observation plane(may be at UMP or otherwise), the collimated beam, which falls on the lens, can be gradually blocked manually by an opaque screen. It was noticed that the fringes were found to disappear from the periphery on both sides, one by one. As the screen reaches to block one half of the beam, the rings completely vanish. This is a clear indication regarding which of the two beams which give rise to interference fringes in this setup. When the same process of blocking was repeated in the conventional Newton's rings setup, the rings never vanished completely. The fringes were not seen in regions of blocking in the field of view, whereas in the other half, fringes were seen clearly as before. Plotting the data points and the best fit straight line based on linear regression is performed using the software, Scilab. The focal distance for the plano-convex chosen was f o = 29cm and hence the radius of curvature R=87cm(=2nf o ). The distance x of the observation plane is measured from the plano-convex lens. The unit magnification plane (UMP) is situated at distance of x = 2f o =58cm from the plano-convex lens. The wavelength is calculated using the slope of the straight line graph of m versus 2 , using λ = (slope)n/FR. The magnification factor, F is calculated using eqn.(17). A series of experiments was performed using two different lasers, with observation planes before, after and at the unit magnification plane(UMP). Measurements were made using a travelling microscope as well as using tracker software upon capturing the fringes using a CCD camera. Results of these are given below in the tables and graphs. In the tables, x represents the distance of observation from the planoconvex lens and F is the magnification factor 
Estimation of accuracy:
The accuracy or the error in the determination of wavelength can be estimated using the following formula. represents the percentage error in the slope of the best fit straight line graph [7] . Second term denotes the percentage error in f o . It was found that when the measurements are made at unit magnification plane, the error was minimum as expected. This is because the last term in the above equation will be absent since at UMP, x=0. Moreover, the fringes will have maximum contrast at UMP and the contrast reduces as one goes away from the unit magnification plane. 
Summary of Results

Conclusion:
General formula for wavelength has been derived for modified Newton's rings experiment, which is valid for observation planes at any distance. Experimental data is provided which prove the validity of this formula. Modified Newton's rings experiment has been made simpler by the use of Tracker software by capturing the fringes using a CCD camera. This does away with tedious measurements using a travelling microscope and the analysis is done with more ease and sophistication using the tracker software. Yet another simplification that has been achieved is in the measurement of radius of curvature, R. By knowing f o , the focal distance which is usually measured in this experiment, the radius of curvature is determined by R = 2nf o . Since this involves measuring only single quantity, f o unlike the method using spherometer which requires two parameters, the error gets reduced to that extent. A simple experimentation revealed the clear distinction between conventional Newton's rings and modified Newton's rings regarding the rays which give rise to interference fringes in the two cases.
